The Sachdev-Ye-Kitaev (SYK) model describes electrons with random and all-to-all interactions, and realizes a many-body state without quasiparticle excitations, and a non-vanishing extensive entropy S0 in the zero temperature limit. Its low energy theory coincides the low energy theory of the near-extremal charged black holes with the Bekenstein-Hawking entropy S0. Recently, several mesoscopic experimental configurations realizing SYK quantum dynamics over a significant intermediate temperature scale have been proposed. In this paper, we investigate quantum transport properties and describe the structure of the thermoelectric response of such SYK islands, and propose the thermopower measurements as a direct probe for Bekenstein-Hawking entropy S0. arXiv:1912.02835v1 [cond-mat.str-el] 
I. INTRODUCTION
The Sachdev-Ye-Kitaev (SYK) model [1, 2] is a strongly interacting quantum many-body system without quasiparticle excitations that is maximally chaotic, nearly conformally invariant, and exactly solvable in the limit of large number of interacting particles. It also provide a simple holographic model of charged black holes with AdS 2 horizons, and the low energy theories of black holes and the SYK model coincide both at leading [3, 4] and sub-leading order [2, [5] [6] [7] [8] [9] [10] [11] .
There have been a number of interesting proposals towards realizing mesoscopic strongly-interacting correlated electron systems in the presence of disorder and narrow single-particle bandwidth [12] [13] [14] [15] ; others have advocated realization by quantum gates [16] . Here, we focus on the 'quantum simulation' point-of-view in the mesoscopic realizations. These have the added benefit of providing insight into the relevance of SYK to the naturally occurring correlated electron systems [17] . A particularly attractive experimental configuration can be built on the zeroth Landau level in irregular-shaped flakes of graphene [14] , however our study addresses a more general case of SYK islands independently of various possible physical realizations.
The existing theoretical studies of such mesoscopic 'SYK islands' have focused on electrical transport between the SYK island and a normal metal lead [12-15, 17, 18] . Here we extend these analyses to thermoelectric transport in general. We will show below that the thermopower Θ of an SYK island offers a direct probe of the entropy per particle. In particular, such measurements should be able to extract a unique feature of the SYK model, its non-vanishing extensive entropy in the low temperature (T ) limit, S 0 = 0. And this residual entropy is directly connected to the Bekenstein-Hawking entropy of extremal charged black holes [3] .
We begin by outlining some key properties of the complex SYK model (a model built on complex fermions), and in particular, the manner in which they evolve as a function of the conserved U (1) charge, the electron den-sity Q. The ground state of this model realizes a critical phase, over a range of values of the chemical potential µ, or Q. For a model with mean-square random interaction of strength J, the imaginary time electron Green's function obeys at times |τ | 1/J
where ∆ = 1/4 is the scaling dimension of the electron operators. Our interest here focuses particularly on the particle-hole asymmetry E, which can be expressed as a function of Q via a Luttinger-like relation [19] [20] [21] . E = 1 2π ln sin(π∆ + θ(Q)) sin(π∆ − θ(Q)) ,
Note that the particle-hole asymmetry in (1) is significantly stronger than that in a Fermi liquid case. Even in the presence of an energy dependent density of states, the electron Green's function of a Fermi liquid is particlehole symmetric, with G(τ ) ∼ −1/τ at large |τ |, with the same amplitude for both signs of τ . So formally, E = 0 for a Fermi liquid.
The strong particle-hole asymmetry of the SYK model is intimately connected to its extensive entropy as T → 0 via the relation [19] [20] [21] 
where N is the number of sites in the SYK model, and S ≡ S 0 /N is entropy density in the limit where N → ∞ first, followed later by T → 0. (Eq. (3) also shows that E = 0 in a Fermi liquid, because S vanishes as T → 0 in a Fermi liquid.) The relationship (3) was obtained by Georges et al. [19] , building upon large N studies of the multichannel Kondo problem [22] . Independently, A sketch for an SYK island (center) characterized by a random interaction of mean-square strength J, a random electron hopping of mean-square strength t, and a dimensionless particle-hole asymmetry parameter E. The island is coupled to normal metal leads by hopping λi, and this is characterized by an energy scale Γ ∝ |λi| 2 × (density of states in the leads). The SYK behavior requires Γ, t J.
this relationship appeared as a general property of black holes with AdS 2 horizons [23, 24] , where E is identified with the electric field on the horizon [25] . We now turn to the thermopower, Θ, and its connection to the entropy. In Fermi liquids, the thermopower is usually computed by the 'Mott formula'
where σ is conductivity at Fermi energy F (we set k B = 1 in the further discussion). Note that the thermopower vanishes as T → 0, and is proportional to particle-hole asymmetries which lead to a Fermi energy dependence in the conductivity. If we assume that such dependence is entirely due to the density of states (and not due to the scattering time), then (4) can be written as
an expression coined as the 'Kelvin formula' in Ref. [26] . As the entropy vanishes linearly with T in a Fermi liquid, (5) implies that the thermopower also vanishes linearly with T . The Kelvin formula was originally proposed as an approximate empirical formula useful in certain strongly correlated systems [26, 27] . Turning to thermopower in systems without quasipasiparticles, Davison et al [20] showed that the Kelvin formula was exact for transport in lattices of coupled SYK islands. Given the non-vanishing of S as T → 0, this implies that Θ also remains non-zero as T → 0, in striking contrast from a Fermi liquid. It was also found [20] that the Kelvin formula was an exact general feature of charged black holes with AdS 2 horizons. We are interested here in transport between a single SYK island and normal metal leads, a general idea is sketched in Fig. 1 (in contrast to transport between 2 SYK islands in the lattice models [20, [28] [29] [30] [31] [32] ). One of our new results is that in the single-channel lead configuration, and under conditions in which the transport is dominated by SYK correlations (specified more carefully in the body of the paper), we have the thermopower
So as in other systems, the thermopower is intimately connected to the Q dependence of the entropy, via (3). One of our main observations is that the relations (1), (3), and (6) link together the surprising features of the SYK model: (i ) the strong particle-hole asymmetry in the low energy limit, (ii ) the non-vanishing extensive entropy as T → 0, and (iii ) the non-vanishing thermoelectric power as T → 0. The outline of the paper is as follows. We will setup the basic formalism for the transport across SYK islands in Section II. The response functions in the Fermi liquid regime T E C will be described in Section III, and those in the SYK regime E C T J in Section IV. We will describe the universal crossover between these regimes, as a function of T /J, in Section V.
II. SETUP
We will model the SYK island (I) by a Hamiltonian with random interactions and hoppings,
Here J ij;kl is random interaction with zero mean and root-mean-square magnitude J ( J ij;kl = 0, |J ij;kl | 2 = J 2 ), and t ij is random hopping with zero mean and rootmean-square magnitude t ( t ij = 0, |t ij | 2 = t 2 ). The retarded electron Green's function, G(ω) can be computed numerically for all ω, T , µ, J, and t by solving a set of integro-differential equations. The solutions of these equations where described elsewhere in the literature [29, 33] for E = 0. We have extended these numerics to non-zero E(Q), with
and will describe the implications for thermoelectric transport in Section V. A crucial feature of this solution for t J (which we assume throughout) is the emergence of a low energy scale 
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For the wide intermediate temperature regime E C T J, we obtain the behavior of a 'pure' SYK model in which there is no two-body hopping. It is this intermediate temperature regime which we hope will be realized in experiments. For T E C , we recover the physics of a disordered Fermi liquid, albeit with strong renormalization from the interactions.
In all our computations here with H I , we will assume that N is large enough so that T > J/N . At smaller N , we have to consider 1/N corrections to the SYK saddle point, which are described by Schwarzian theory. We also have to consider the consequences of a finite charging energy. Such effects were considered recently by Altland et al. [17] for electrical transport in the particle-hole symmetric case. For experimental comparisons it will likely be important to understand the generalization of their results to thermoelectric transport in the particlehole asymmetric case. However, we will not undertake such an analysis here.
Let us now couple the island to the leads ( Fig. 1 ). Here we follow the approach of Gnezdilov et al. [18] , and model the leads by
The new terms represent dispersive electrons (a † p , a p ) in the single-channel contact with a dispersion ε q near the Fermi surface. The SYK quantum dot fermions c † i and the lead fermions with a p are coupled by the random hopping λ i . The coupling to the leads will be characterized by the energy scale
where ρ lead is the density of states in the lead. Gnezdilov et al. [18] described electrical transport for H, and they obtained the expression for the differential conductance
where G is the retarded Green's function of H I alone, and f (ω) is the Fermi function. We wish to extend the analysis of Gnezdilov et al. [18] to thermoelectric transport across the SYK islands in general. This can be done in the spirit similar to e.g. Costi and Zlatić [34] . For this, we introduce Onsager cor-
Onsager transport coefficients are obtained after making analytic continuation and taking a DC limit, L ij ≡ lim ω→0 (T ij (ω) − T ij (0))/ω. Further details are given in Appendix A. For thermoelectric transport coefficients L ij we thus obtain
with
Then we have for electric conductivity σ, thermal conductivity κ, and thermopower Θ are
where β = 1/T . The following sections will evaluate these expressions in different regimes depending upon the relative values of the small energy scales T , E C , and Γ.
In the real experiment, the number of fermions in SYK islands is mesoscopic, so it is more appropriate to refer to σ and κ as "conductance". The key results of this paper are focused on the limit N → ∞, so we will refer to behavior of σ and κ as "conductivities" of the thermodynamical phase.
III. FERMI LIQUID REGIME
It is useful to first present the familiar results in the Fermi liquid regime T E C . Here the SYK interactions are formally irrelevant, and can be accounted for by a renormalization in the value of t to E C [29, 33] . We just present the results at J = 0 here, but it should be kept in mind that for the results in this section t should be replaced by an energy of order E C when t J. The Green's function can be computed exactly in the absence of interactions by solving a quadratic equation [33] 
which yields the well-known semi-circular density of states of a random matrix. We denote ρ = − 1 π ImG(0) as the density of states at the Fermi level. Then the values of the thermoelectric response properties at low T and small Γ are given by 1
where ρ = − 1 π d dω ImG(ω)| ω=0 . As we can see, the thermopower Θ vanishes as T → 0, which is a general phenomenon for interacting matter with quasiparticles. Both the Mott Law and Wiedemann-Franz Law hold, and the Lorentz number is L = e 2 κ/σT = π 2 3 , as well as the Mott number is M = Θ/(T ρ /eρ) = π 2 3 .
IV. PURE SYK REGIME
We now consider the main regime of interest to us, E C T J. Here, to leading order, we may set E C = 0. Analytic expressions for the Green's function are possible for t/J = 0 and T J. Then we can use the conformal form of the (retarded) SYK Green's function
where Γ(x) is the Gamma function. We first address the key difference between the Fermi Liquid and Pure SYK state in weakly coupled regime Γ → 0. The main observables are listed below:
1. Temperature dependence. -The SYK state is different from interacting phases with quasiparticles by the temperature dependence of transport properties (See Fig.  2 ). In particular, the conductivity of an SYK quantum dot is diverging with temperature (1/ √ T ). This could be a particular hallmark to distinguish the SYK phase. However, as we show in Sec. V, as T → 0, the SYK phase does not become superconducting: an instability occurs at temperatures T C ∼ t 2 /J witnessed by breakdown of the SYK phase to the Fermi Liquid regime for T < T C , where conductivity saturates to a T = 0 constant, typical for the Fermi Liquid (See Fig. 2) . Still, in the temperature regime T C < T < J, the quantum transport across the SYK island is distinguished by 1/ √ T conductance, which survives even after inclusion of Coulomb blockade mechanism in quantum dots (see also Ref. [17] ).
2. Finite residual thermopower. We see that the SYK state has a finite, temperature-independent thermopower, a consequence of finite Bekenstein-Hawking entropy S 0 associated with the SYK state. In the case of single-island pure SYK flake we find the thermopower Θ is directly connected to particle-hole asymmetry E:
Moreover, this value is a constant and does not depend on temperature, surviving down to T → 0 (if the SYK phase is present at T → 0), in contrast to the T -vanishing thermopower in the Fermi Liquid case (Table I) . The finite residual thermopower at zero T and small gate voltages is quite different from the regular monolayer graphene case. We expect this to be a good hallmark of the SYK state if realized in irregular graphene flake: in the temperature regime T C < T < J the thermopower is constant, while shows a linear T -growth for T < T C , signalizing breakdown to Fermi Liquid regime (See Fig. 2) . We give estimate for T C for a realistic system in Sec. V.
It is useful to compare (19) with the result obtained for the case of thermoelectric transport between SYK islands, in contrast to the transport with normal metal leads, as in Fig. 1 . Then the corresponding expression for the thermopower was obtained by Patel et al. [32] 
Note that we now have 2 powers of the Green's func-tion in the numerator and denominator because both the initial and final locations of the electron are on SYK islands. Moreover, we find that the Kelvin relation (5) is then precisely satisfied.
3.
Violation of Wiedemann-Franz law. The Wiedemann-Franz Law (WFL) states that the ratio between thermal conductivity (per temperature) to electric conductivity (per charge) is a constant = π 2 /3 ("Lorentz number" ), which works very well for a surprisingly broad range of materials. We see that WFL holds in Fermi liquid case, but is violated in the SYK phase, see TableI. The violation of WFL is itself a direct manifestation of breakdown of quasiparticle concept, which one would expect for an SYK state.
Effects of external coupling. -We now turn to the effects of modification of the SYK properties due to coupling to external leads. This effects have dramatic influence on the values electric and thermal conductivities (σ ∝ Γ, κ ∝ Γ), however thermopower, being rather a thermodynamic quantity, 2 remains qualitatively the same even with external coupling. Thus we consider thermopower to be good observable, conveniently linked to Bekenstein-Hawking entropy S 0 of the SYK state. Below we summarize effects of external coupling on thermoelectric transport properties:
Thermopower. -In the SYK phase coupled to external leads, the thermopower is fully determined by the particle-hole asymmetry E of the SYK state, remaining almost a constant with weak temperature dependence given asymptotically by the limit
where f (E) ∼ 1 is shown in Fig. 3 . Thus inclusion of finite coupling renormalize the thermopower, however it is still a good observable to probe E. Fig. 3 shows that in the range of validity of the present theory (Γ/J 1 as is illustrated in Fig. 4) , the thermopower is suppressed by just 20-30% by external coupling, so we expect to see a significant effect experimentally. It is interesting that even that the thermopower is a constant as a function of temperature in the pure SYK case, the inclusion of finite coupling is important at lower temperatures, where thermopower feels the Fermi Liquid behavior from coupling to the normal metal (see "Coupled SYK" in Fig. 3 ). We address the crossover between SYK and Fermi Liquid in more details in Sec. V.
Electric conductivity of the SYK islands is summarized in Fig. 3 . As expected, the electric conductivity is much higher at lower temperatures 3, however the renormalization effects due to coupling are less dramatic at the higher temperatures ( Fig. 3 ). Thus we recommend the temperature scales T < 0.1J for experiments. Finally, the conductivity vs temperature is significantly regularized to to coupling to the normal metal lead Fig. 3 . We note that the electric conductivity is also strongly dependent on particle-hole asymmetry E, which was not reported in Ref. [18] . However, it will be hard to extract E from the conductance measurements, as the observable is strongly dependent on the coupling strength Γ, which is not a controllable parameter in experiments.
Thermal conductivity of the SYK island is also described in Fig. 3 . The behavior of thermal conductivity vs particle hole asymmetry is qualitatively similar with electric conductivity: it decreases with increasing ω/J E. The renormalization of the thermal conductivity is also stronger at lower T , while not as dramatic as for electric conductivity E. Finally, one more observation is that thermal conductivity vs temperature does not experience dramatic changes under coupling, so it can serve as a robust feature to be checked in the experiment. Thermal conductivity is also strongly dependent on particle-hole asymmetry E, however the external coupling will prohibit direct extraction of E from κ measurements. However, in the similar spirit as in case of thermopower Θ ∝ L 12 (E)/ L 11 (E), we will see that E can be extracted from κ(E)/σ(E) analysis (See Fig. 5 b and Eq. (24)). Direct thermal conductance measurements on quantum dots are however much more complicated than thermopower measurements, so the thermopower is still the best observable to probe residual entropy S 0 .
Violation of Mott's Law. -The established Mott Law for thermopower [35, 36] , which holds for a broad range of materials with quasiparticles, connects the thermopower and electric conductivity measurements through the ratio σ (E F )/σ(E F ). It is valid for systems with arbitrary strong interactions as far as quasiparticles are well defined [36] . We report that in the SYK islands this relationship is violated
which is a consequence of breakdown of the quasiparticle concept in the SYK phase. This could serve as an indicator for pre-selecting the experimental sample for further transport measurements. Violation of Wiedemann-Franz Law. The Wiedemann-Franz law (WFL) says that for a normal metal the ratio between thermal and electric conductivities is a constant (Lorenz number), and it works for a broad range of materials. We see however that in the pure SYK state this relation is violated
In particular, the Wiedemann-Franz relation depends on the value of particle-hole asymmetry and temperature, as illustrated in Fig. 5 . In particular, the WFL is strongly violated in the limit of low temperatures T < T Γ , T Γ Γ 2 /J. Above T Γ the violation of WFL is moderate and the WF ratio is typically bounded between particlehole symmetric SYK limit e 2 κ/σT = π 2 /5 and the Fermi Liquid ratio L = e 2 κ/σT = π 2 /3, see Fig. 5a . In the case T Γ T , the WF ratio follows closely to the Pure SYK case case with some small renormalization, see Fig.5b . In the pure SYK case, the WF ratio is
i.e. in the regime T Γ T J it can serve for determining particle-hole asymmetry E (and thus Bekenstein-Hawking entropy per particle) complementary to thermopower measurements. It is interesting that in the Pure SYK case, the Wiedemann-Franz ratio is related to dimensionless thermopower per particle Θ as e 2 κ/σT = (Θ 2 + π 2 )/5. We make a remark here that in practice, however, Wiedemann-Franz violation is hard to measure precisely, and even samples of materials which should give π 2 /3 Lorentz number might show dramatic fluctuations around that value due to the two-measurement uncertainties (in κ and σ). Thus, this method can be used only as a complementary tool in case of significant WF violation for pre-selecting samples.
Thermoelectric by a thermoelectric device is typically described in terms of its "figure of merit" Z,
with T hot is the temperature at the hot junction and T cold is the temperature of the cooling part, and TFM is determined by
We calculate this quantity for the pure and coupled SYK case, with the results summarized given in Fig. 6 . In general, Z is quite good for the SYK islands and is in order of 5. It is however strongly renormalized in the case of finite coupling. In the pure SYK case, the TFM is given by
).
We comment here on the comparison to the Fermi Liquid TFM. As in the FL regime the thermopower vanishes as T → 0, the typical TFM is small and restricted by a value of order unity (see also state-of-the-art TFM materials in review article [40] ). The limitation on the TFM of the FL is imposed by the link between thermopower to the transport entropy per particle, which in FLs is typically small. On contrary, in strongly entangled systems, such as the SYK phase, transport entropy per particle is large, and the TFM is dramatically enhanced.
V. CROSSOVER FROM SYK TO FERMI LIQUID AND CHARACTERISTIC TEMPERATURE
Now we consider the crossover as a function of T across E C , from the Fermi liquid regime described in Section III, to the SYK regime described in Section IV. Here, we have to use numerical results for G(ω), which generalize the earlier computations [29, 33] to non-zero E. The key results at fixed filling Q are summarized in Fig. 7 , where the crossover between the Fermi Liquid and SYK regime is witnessed in temperature dependence of thermopower. At low temperatures T < E C , with E C = t 2 /J, the physics is dominated by the quadratic terms in the Hamiltonian (7) , which are promoting well defined quasiparticles. Thus the behavior falls in the Fermi Liquid regime, with characteristic T -linear thermopower (17) . In the temperature regime T C T J, the dominant term in Hamiltonian (7) is the quartic term, describing the pure SYK phase with no quasiparticles. In this regime, the thermopower saturates to a constant 4π 3 E(Q) in the weak coupling case. For illustration purposes (to show the thermopower saturation for different Γ), we plot Fig. 7 for t/J = 0.01, however the result is robust in the broad range of t/J, which manifests in the scaling function Θ = Θ(Q, JT t 2 , T J ) as Γ → 0. The saturation of thermopower to a constant is therefore a robust feature of the SYK phase. In the regime interesting for us, the saturation value is determined by Θ(Q, ∞, 0) and its Γ-dependence is given by (21) .
Finally, we make an estimate for the characteristic temperature T C for a real system to show that it is reasonable to look for the SYK phases in experiments. Keeping in mind, for example, an experimental setup on the basis of graphene flake [14] , we obtain estimate t ∼ 1 meV and J ∼ 25 meV. Thus the characteristic crossover temperature T C from the Fermi Liquid to the SYK regime is
This is an encouraging estimate, suggesting potential for the SYK experiments at liquid helium temperature range. Note that parameters (t, J) can be tuned in the experiment so T C can be further controlled.
VI. CONCLUSIONS
We here considered the quantum transport across an SYK dot coupled to a normal metal. Our results suggest that the Bekenstein-Hawking entropy, associated with the SYK phase, can be directly probed in thermopower measurements in the liquid helium temperature range. The SYK phase can be distinguished from interacting phases with quasiparticles. Comparing to the Fermi liquid, the thermoelectric properties of SYK islands show different temperature dependence, namely Table I . As a phase without quasiparticles, SYK violates Mott and Wiedemann-Franz laws, which can be used for pre-sorting samples. As an auxiliary method, one could also probe Bekenstein-Hawking entropy through measuring Wiedemann-Franz ratio, and perform complementary measurements for density of states ρ(ω, E) to confirm particle-hole asymmetry E. Notably, all these features of the SYK phase are different from thermoelectric properties of Dirac liquid in the regular graphene monolayers in quantazing magnetic fields (see Refs. e.g. [41] [42] [43] ). In connection to proposal for the SYK phase in irregular graphene flakes [14] , it will be important to understand in further studies the distinction between SYK finite thermopower and finite thermopower associated with partially filled Landau levels [44] , and elaborate effects of the Quantum Hall ferromagnet phase [45] on the SYK construction.
The results of the current paper are restricted to the regime T > J/N . For smaller quantum dots, Coulomb blockade and related effects will become important. These have been addressed in a recent work by Altland et al. [17] for the particle-hole symmetric case. As particle-hole asymmetry has particularly strong effects in the SYK regime, it would be useful to extend their results to the particle-hole asymmetric models, and to thermoelectric transport.
To study quantum transport properties, one needs to address the renormalization of the SYK Green's function due to coupling to external leads. This can be done within the perturbation theory in parameter Γ/J (the perturbation isV = i,q λ i c † i a q + λ * i a † q c i ). The renormalized Green's function is given by calculating all connected different diagrams
. (A1) Proceeding to the second-order perturbation theory, and using Matsubara frequency representation, one obtains
Thus the corresponding coupling self-energy is Σ(iω n ) = i |λ i | 2 q G q (iω n ). The sum over momenta q can be carried out by considering a continuous limit and replacing the sum by the integral. The resulting integral can be carried out using contour integration, and thus
where we have introduced Γ = πρ 0 i |λ i | 2 , ρ 0 = 1/hv F . The Dyson equation is thus given by
The renormalization to the bare propagator, given by the denominator of the Dyson equation, can be formally rewritten as 1 − Σ(iω n )G 0 (iω n ) = 1 + iΓG 0 (iω n ) sgn(ω n ).
Making analytical continuation, one obtains here 1
). Thus the renormalized retarded propagator up to the second order is
with G 0 being the pure SYK propagator. The quantum transport properties are computed through imaginary-time Matsubara correlators:
where Q i is the generalized density operator (i = 1charge, i = 2 -heat) and I i = dQ i /dt is the generalized current. The current operator is given by commutator with given Hamiltonian (such as SYK Hamiltonian),Î j = i h [H, Q j ] (we set = 1 further-on). To calculate response functions L ij , we introduced the auxiliary current-current correlators
so in the frequency representation one has L ij (iω n ) = 1 iωn [T ij (iω n ) − T ij (0)] . To calculate Onsager transport coefficients, we further need to do an analytical continuation and take a DC limit:
The Onsager operator L ij fully describes the quantum transport across the system, thus allowing us to estimate the important results in the pure SYK state. The problem of quantum transport across SYK island is thus reduced to calculating the response functions T ij (iω n ), making analytical continuation and taking ω → 0 limit with taking into renormalized Green's function of SYK phase perturbed by external leads. For the SYK quantum dot coupled to a singlechannel lead (10), the electric current operator isÎ 1 = i h i,q (λ i c † i a q − λ * i a † q c i ), while the heat current isÎ 2 = i h i,q ε(λ i c † i a q − λ * i a † q c i ). Thus one can find the electric σ and thermal κ conductivities σ = e 2 L 11 , κ = β detL ij /L 11 . The thermoelectric power Θ is not a response function, but a ratio of response functions Θ = β e L12 L11 . The natural units for thermopower are k B /e = 87 µV/K, throughout the main text we also use dimensionless thermopower Θ measured in these units.
The values of Onsager coefficients are further calculated through formulas (A6) with corresponding current operators related to Hamiltonian (10) . One furthers compute current-current correlators (A5). For example, T 11 correlator is T 11 (τ ) = − i;q |λ i | 2 [G(−τ )G q (τ ) +G(τ )G q (−τ )]. Proceeding in frequency domain and integrating over q T 11 (iω n ) = i 2βv F i |λ i | 2 iω n ,iΩn G(iω n ) sgn(Ω n ) × [δ Ωn,ω n +ωn + δ Ωn,ω n −ωn ].
Further summation over Matsubara frequencies brings
where f (ω) = (e βω + 1) −1 is Fermi-Dirac distribution.
Here all G's are renormalized Green's fucntions given by (A3). Thus using L ij = limω →0
1 ω [T ij (ω) − T ij (0)], one obtains:
and a similar expression for other Onsager coefficients. Thus up to the second order in perturbation theory, the transport properties of an SYK quantum dot coupled to a normal metal are
with G R 0 being the pure SYK Green's function at finite temperatures (18) . For simplicity, we drop the 'R' superscript in the main text, and operate with = 1, restoring it when it is needed.
